Background: Hypoxic microenvironment inside the tumor forces tumor cells to up-regulate the glycolytic pathway to maintain a sufficient energy supply for tumor growth. Activation of HIF1α under hypoxia condition is able to regulate the expression of glycolysis-related genes, and results in the proliferation and metastasis of cancer cells. However, the mechanism underlying HIF1α activation and glycolysis induction by hypoxia remains unclear. The present study is aimed to test if SENP1 regulates the glycolysis of prostate cancer cells (CaP) by improving stability of HIF1α protein.
Introduction
Cancer cell metabolism is usually different from normal cells, which is characterized by the enhanced conversion of glucose to lactate. Cancer cells largely depend on the glycolytic pathway to maintain the energy production even in the presence of an adequate oxygen supply. This typical metabolic feature on multiple cancer cells is later termed as the Warburg effect (aerobic glycolysis) [1] [2] [3] . Now, Warburg effect has been widely recognized as a hallmark of cancer cell metabolism which can facilitate tumor growth with enhanced glucose uptake and lactate production [4] . Warburg effect makes tumor cells survive and proliferate in a unique microenvironment, thereby promoting apoptosis tolerance, increasing the formation of biosynthetic precursor molecules and enhancing the invasiveness of the biosynthetic precursors, and making the tumor cells progressed and metastases. Therefore, the understanding of this process is crucial to identify new potential targets for prostatic carcinoma therapy.
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A large body of evidence uncovers that hypoxia stimulates lactate production in tumors by activating hypoxia-inducible transcription factor 1α (HIF1α)-dependent expression of genes including glucose transporter 1 (GLUT1), pyruvate dehydroge-nase kinase 1 (PDK1), and lactate dehydrogenase A (LDHA) and so on. These genes are involved in glycolysis, lactic acid generation, aerobic respiration, mitochondrial autophagy and a variety of cellular functions [5] [6] [7] [8] . It has been showed that the expression of HIF1α was increased significantly in prostatic carcinoma cells, which is closely associated with the proliferation and metastasis of prostatic carcinoma [9] [10] [11] . But the molecular mechanism of HIF1α up-regulation in prostatic carcinoma has not been elucidated yet.
HIF1α has an extremely short half-life under normoxia condition due to the ubiquitylation and degradation by the proteasome [12] . SUMOylation modulates DNA replication/repair, cell cycle progression, signal transduction, and the hypoxic response. SUMO (small ubiquitin-like modifier)-specific proteases regulate SUMOylation. In addition, deSUMOylation has also been shown to play a critical role in tumorgenesis via HIF1α-dependent angiogenesis and cell proliferation [11] . Mechanistic studies in a mouse model indicate that androgendriven expression of SUMO1/sentrin specific peptidase 1 (SENP1) leads to HIF1α stabilization, enhanced production of vascular endothelial growth factor, and angiogenesis [11] . Some studies showed that up-regulation of SENP1 at the mRNA and protein level might contribute to the malignant progression of CaP cells [13] . However, the role of SENP1 in the up-regulation of HIF1α in prostatic carcinoma has not been clarified clearly.
In the current study, we found that prostatic carcinoma display a greater sensitivity to glucose deprivation-induced cytotoxicity than normal cells. The up-regulation of SENP1 in prostatic carcinoma cells induced cellular proliferation by promoting HIF1α. It indicates that the inhibitors of glucose cellular uptake (facilitative glucose transporter 1 inhibitors) and oxidative metabolism (glycolysis inhibitors) are potential therapeutic targets for prostatic carcinoma treatment.
Materials and Methods

Cell culture and reagents
Du145, LNCap, PC3, 22RV1, C4-2 prostatic carcinoma cell lines and normal prostatic epithelial cell line-RWPE-1 cells were bought from the Guangzhou Landsalessales Biological Science and Technology Co.,Ltd, which were purchased from the American Type Culture Collection (ATCC) (Manassas, VA, USA). Cells were cultured in RPMI-1640 (#SH30809.01B, Hyclone) supplemented with 10% fetal calf serum (Hyclone, USA) and 1% penicillin/streptomycin (Hyclone, USA). All cells were maintained at 37°C in a humidified 5% CO2 incubator. All cells were cultured in normoxic (O 2 20%), hypoxic conditions (O 2 1%), anoxic (O 2 0.1%), low pH (pH 3-4) and glucose deprivation (glucose-free medium) for 24h in a 37°C CO 2 incubator to perform experiments.
PC3 cells were transfected with indicated plasmids or SENP1 siRNAs, which purchased from Sangon Biotech, China. PC3 cells at approximately 50% confluence were transfected using Lipofectamine 2000 (Invitrogen, USA) according to manufacturer's guidelines. Si-SENP1, si-NC and mock1 group PC3 cells were transfected with 50 nM si-SENP1, 50 nM negative controls or the empty vector. SENP1 and mock2 group PC3 cells were transfected with 50 nM SENP1 or its empty vector, respectively. Cells were maintained in high glucose Dulbecco's modified Eagle's medium (DMEM; Gibico, USA) supplemented with 10% FBS and 1% penicillin-streptomycin, which were maintained in an incubator with 5% CO 2 in humidified atmosphere at 37°C. The transfected efficiency of these plasmids or siRNAs was further validated by qRT-PCR assay and western blot assay.
qRT-PCR analysis
Total RNA of all cells were extracted by Trizol (Invitrogen, USA), followed by reverse transcription with a reverse transcription PCR Kit (Applied Biosystems, USA). The real-time polymerase chain reaction (RT-PCR) was performed using real-time PCR Master Mix (Toyobo, Japan) according to the manufacturer's instruction on an ABI PRISM 7500 Sequence Detection System (Applied Biosystems, USA). The PCR amplification program was 95°C 5 min, (95°C 15 sec, 65°C 30 sec, 72°C 30 sec, 40 cycles) and followed by dissociation curve protocol (95°C 15 sec, 60°C 1 min, 95°C 15 sec, and 60°C 15 sec). 18S rRNA was used as the internal control. We determined the appropriate cycle threshold (Ct) using the automatic baseline determination feature. The relative quantification of gene expression level was analyzed by the comparative Ct method (2 -△△Ct ). All primer pairs used in this study are listed in table-1.
Western blot analysis
Cells were harvested from different groups. Total proteins were extracted using RIPA lysis buffer and Protease Inhibitor Cocktail. Lysates (80 μg) were separated by 10% sodium dodecyl sulfatepolyacrylamide (SDS-PAGE) gels for electrophoresis with procedure of 80V, 50 min, then 120V to the end at room temperature and transferred to nitrocellulose membrane (0.22 μm, Millipore, USA) by wet blotting procedure (100V, 120 min, 4 ℃ ). Membranes were incubated with specific primary antibodies of SENP1 (Proteintech Group, Inc. 25349-1-AP, Rosemont, IL, USA) (1:1000) and HIF1α (Abcam, ab1, Cambridge, MA, USA) (1:1500) overnight at 4°C. GAPDH (KangChen Bio-tech. KC-5G5, Shanghai, China) (1:10000) was used as an internal control. Proteins were visualized by enhanced chemiluminescence reagents (Beyotime, China) and photographed by GelDoc + XR instrument (BioRad, USA). 
Co-immunoprecipitation (Co-IP) assay
A Co-IP assay was performed to determine the relationship between SENP1/HIF1α, HIF1α/SUMO1 and HIF1α/MCT4. The Co-IP kit was used according to the manufacturer's protocol. Briefly, cells seeded in 10-mm dishes were lysed in 1 ml cell lysis buffer. 500 μg proteins were incubated with 2 μg of the indicated antibodies overnight at 4°C under gently rotation, and then they were incubated with 30 μl Protein G-Sepharose beads (Abcam, USA) at 4°C for 2h under rotation. The beads were washed three times with the lysis buffer and resuspended in SDS sample buffer, boiled for 10 min, and then analyzed by immunoblotting procedures described above.
Glucose uptake, lactate, ATP and lactate dehydrogenase (LDH) release assays
Glucose uptake assay kit (Shanghai Rong Sheng Biological Pharmaceutical Co., Ltd., China), lactate assay kit (Nanjing JianCheng Bioengineering Institute, China) and ATP assay kit (Beyotime, China) were made use of evaluating glucose uptake, lactate production and ATP generation respectively, according to the manufacturer's instructions. The evaluation of LDH release was performed with a LDH Cytotoxicity Assay Kit (Beyotime, China) according to the manufacturer's manuals. For lactate assay, the harvested cells were directly used to examine the lactate levels with the lactate assay kit. The chemiluminescence was measured to determined ATP levels of each group cells, which based on the luciferin-luciferase reaction.
Tumor xenograft model
This experiment was approved by the Ethic Committee for Animal Experimentation of the First Affiliated Hospital of Harbin Medical University. Male athymic BALB/c nude mice (4 weeks old, 15-20 g weight) were purchased from Shanghai SLAC Laboratory Animal Ltd.Co. (Shanghai, China). Mice were housed in barrier facilities on a 12h light/dark cycle and maintained under super-specific pathogen-free conditions. A total of 5×10 6 tumor cells suspended in 200 μL PBS were inoculated subcutaneously in four-week-old male BALB/c athymic nude mice. Within 3 weeks, xenograft tumors were established, and the sizes of tumors were measured by a digital caliper every 3 days. The mice were then randomly assigned into groups as mentioned in the text. Tumor volumes (mm 3 ) were calculated using the following standard formula: Tumor volumes (mm 3 ) = (the longest diameter) × (the shortest diameter) 2 × 0.5.
H&E staining
Mice were sacrificed by CO 2 inhalation at 22 days post-injection and tumors were excised. The dissected tumors were immediately fixed in 4% paraformaldehyde, processed for paraffin embedding, and cut into the 4 μm sections. The paraffin sections were deparaffined and then they were dyed using hematoxylin-erosin (H&E) for pathological analysis. An OLYMPUS inverted microscope was used to capture the staining results. Quantitative morphometric assessments of tumor cells were performed using Image-Pro Plus 6.0 (Media Cybernetics, Bethesda, MA, USA). The tumor cells densities were calculated as tumor cells area per total tissue area in each field.
Statistical analysis
Each experiment was performed at least three independent batches and data are shown as the mean ± standard deviation (S.D.). Statistical analyses were performed by SPSS software version 13.0 (SPSS Inc., Chicago, USA). Differences were estimated with one-way analysis of variance (ANOVA). All of the figures were plotted using GraphPad Prism (GraphPad Software Inc., San Diego, USA). Differences with P<0.05 were considered to be statistically significant.
Results
Induction of aerobic glycolysis in prostatic carcinoma cells
Warburg effect (aerobic glycolysis) is characterized by elevated glucose uptake and consumption with high-lactate production even in the presence of oxygen [14] . To confirm the correlation between aerobic glycolysis and cell microenvironment, we exposed human prostatic carcinoma cell lines Du145, LNCap, PC3, 22RV1, C4-2 cells and human prostatic epithelial cell line RWPE-1 cells to four kinds of cell microenvironments including hypoxia, anoxia, low pH and nutritional deficiency. Firstly, we investigated the morphological changes of these cells after exposed to different pathological conditions. As shown in Figure 1A , the cellular morphology was not altered in hypoxia, anoxia, low pH and nutritional deficiency treatment in RWPE-1 cells, but significantly altered in human prostatic carcinoma cell lines in different degrees. The result indicated that there were remarkably differences between normal cells and tumor cells in response to different treated conditions. Then we investigated the difference of glucose uptake, lactate and ATP production, and lactate dehydrogenase (LDH) release between cancer cells and normal cells. As shown in Figure 1B -C, compared with RWPE-1 cells, glucose uptake and lactate production were significantly increased in human prostatic carcinoma cell lines after treatment with hypoxia. Additionally, LDH release was significantly higher in human prostatic carcinoma cell lines than RWPE-1 cells ( Figure 1D ) and the ATP production was significantly increased in 22RV1 and C4-2 human prostatic carcinoma cell lines with the above treatments, whereas there was no significant difference of ATP production was found in DU145, LNCaP and PC3 human prostatic carcinoma cell lines after treatment with all the above conditions ( Figure 1E ). These data indicates that prostatic carcinoma cells have the increased glucose uptake and lactate production to sustain sufficient ATP for cellular activity under hypoxic, anoxic, low pH and nutritional deficiency conditions.
Up-regulation of HIF1α and SENP1 expression in human prostatic carcinoma cells
HIF1 is an important transcription factor for tumor energy metabolism [15] , and SENP1 is highly expressed in human prostate cancer specimens and correlates with HIF1α expression [11] . Hence, we further investigated the expression of HIF1α and SENP1 in human prostatic carcinoma cell lines with different pathological stimuli. As expected, the expression level of HIF1α mRNA in 22RV1, Du145, LNCap and PC3 cells was obviously higher than that in RWPE-1 cells after hypoxic and anoxic treatment but not low pH and nutritional deficiency treatment ( Figure 2A) . Meanwhile, the mRNA expression of SENP1 was also significantly increased by hypoxia and anoxia but not low pH and nutritional deficiency in 22RV1, Du145, LNCap and PC3 cells ( Figure 2B ). Then we further detected the abundance of HIF1α and SENP1 protein in 22RV1, C4-2, Du145, LNCap and PC3 human prostatic carcinoma cell lines and RWPE-1 human prostatic epithelial cell line ( Figure  2C ). The result showed that both HIF1α and SENP1 proteins were more abundant in five human prostatic carcinoma cell lines, especially the higher in PC3 cells than other cells. Hence, HIF1α and SENP1 are expressed most abundantly in PC3 cells. Consistently, PC3 cells are more sensitive to extracellular microenvironments of hypoxia and anoxia than other cells ( Figure 1A-C) . Thus, we chose PC3 cells as experiment cells for the following studies.
SENP1 regulates cell glycolysis through stabilizing HIF1α
Previous studies demonstrated that the expression of SENP1 was positively associated with glycolysis levels in clear cell renal cell carcinoma [16] , so we studied whether SENP1 might regulate glycolysis of PC3 cells through HIF1α. In order to confirm the hypothesis, we performed SENP1 knockdown and overexpression experiments in PC3 cells. Firstly, we constructed stable PC3 cell lines, including SENP1 PC3 cells (SENP1), NC PC3 cells (NC), mock1 PC3 cells (mock1), mock2 PC3 cells (mock2), si-NC PC3 cells (si-NC) and si-SENP1 PC3 cells (si-SENP1), and the SENP1 and HIF1α expressions in mRNA and protein levels were identified by qRT-PCR assay and western blot assay ( Figure 3A-3C ) to verify whether these stable cell lines were successfully established. It was found that the mRNA and protein expression levels of SENP1 were decreased in si-SENP1 PC3 cells, and the mRNA and protein expression levels of HIF1α were correspondingly decreased, which implied that there was a potential regulatory relationship between SENP1 and HIF1α. Subsequently, to demonstrate the interaction of SENP1 and HIF1α, Co-IP assay was performed. The result uncovered that SENP1 directly interact with HIF1α ( Figure 3D ). Previous studies have suggested that SENP1 may regulate the expression of its target proteins by deSUMOylation [17] . Thus, it indicates that SENP1 enhanced the stability of HIF1α probably by deSUMOylation pathway to regulate glycolysis in human prostatic carcinoma cell lines. 
Up-regulation of SENP1 promotes tumorgenesis in vivo
To further determine the role of SENP1 in the progression of tumor, tumor xenograft models were established with PC3 cells of wild type PC3 cells (NC), si-SENP1, mock1, si-NC, SENP1 and mock2 PC3 cells injection. The results demonstrated that the tumors were formed in all groups from the fourth day after tumor cells inoculation. During a three-week follow-up period, it was observed that the tumor volumes were gradually increased with time prolonged ( Figure 4A ). On day 22, the sizes of tumors were larger in SENP1 overexpression group than those in no transfection group (NC), while the tumors were smaller in si-SENP1 group than those in si-NC group PC3 cells ( Figure 4B ). Furthermore, H&E staining showed that more cells presented in SENP1 overexpression group, but fewer cells appeared in si-SENP1 group than those in other control groups ( Figure 4C ). The results indicate that up-regulation of SENP1 might accelerate tumor cell growth, whereas down-regulation of SENP1 decelerates tumor cell growth.
SENP1 deSUMOylates HIF1α and promotes Warburg effect
The correlations of SENP1 and hypoxia-induced tumor progression prompted us to investigate how SENP1 regulates HIF1α stability and transcriptional activity. It was previously reported that SENP1 was able to deSUMOylate HIF1α and increased its stability in hypoxia. Thus, we further explore the effects of SENP1 on HIF1α SUMO modification, stability and transcriptional activity in PC3 cells. As shown in Figure 5A , SENP1 protein expression was significantly increased in PC3 cells after treatment with hypoxia and it was effectively reduced by co-transfection of si-SENP1. Consistent with the changes of SENP1, the protein level of HIF1α was increased in PC3 cells with hypoxic treatment and significantly decreased in PC3 cells with hypoxic+si-SENP1 treatment. However, the protein level of SUMO1 was opposite with the protein level of SENP1 and HIF1α ( Figure 5A) . Next, Co-IP assay showed that increased amounts of SUMO1-conjugated HIF1α were obviously accumulated in PC3 cells with hypoxia+si-SENP1 treatment as compared to the hypoxia group ( Figure 5B ). To further investigate the regulatory role of SENP1 in glycolysis process, glycolysis-related proteins were examined by western blot assay. As illustrated in Figure 5C , compared to control group, PDK1, GLUT1, MCT4, HIF1α, HKⅡ, BNIP3 and LDHA expressions were remarkably up-regulated under hypoxic condition. Furthermore, overexpression of SENP1 could markedly promote these protein expressions. Additionally, under hypoxia+SENP1 condition, the expression levels of these proteins were further apparently elevated. Consistent with previous results, SUMO1 protein expression decreased in both hypoxia and SENP1 overexpression group cells, and further declined significantly in hypoxia+SENP1 group. Co-IP assay revealed that MCT4 protein directly interact with HIF1α in hypoxia condition ( Figure 5D ). It suggests that under normoxic condition, HIF1α could be SUMOylated, whereas under hypoxic condition, HIF1α was combined with SENP1, followed by deSUMOylating, and sequentially interacted with MCT4, which eventually leaded to a "Warburg effect". This process was considered as an essential energy metabolism pathway which promoted cancer cells proliferation. 
Discussion
Prostate cancer presently has surpassed lung cancer as the most common malignant tumor in men in the USA [18] . But the pathogenesis of prostate cancer has not clarified clearly yet. Hypoxia commonly occurs in cancer cells, including prostate cancer cells, which is a negative prognostic factor due to its association with an aggressive tumor phenotype and therapeutic resistance [19] . Thus, hypoxia has been one of the distinguishing and near-universal hallmarks of cancer growth. It has been reported that hypoxia promotes tumor cells to develop an inefficient pathway to generate ATP which was a necessary to maintain tumor rapid growth, which was termed the Warburg effect [20] [21] . The Warburg effect has been recognized as a representative phenomenon in various malignant cancer cells [22] . Cell morphological examination is an intuitive observation method, which represents the most initial survival state of cells and directly display the overall performance of tumor cells at different metabolic levels, including changes in cell populations, cell morphology and cell size. Therefore, in this study, we firstly investigated human prostatic carcinoma cells morphological changes after exposed to different pathological conditions. The results showed different phenotypes between normal cells and human prostatic carcinoma cells in response to each of cell microenvironments, which suggested that the metabolic mechanism and metabolites of human prostatic carcinoma cells were significantly different from that of normal cells. Because of the basic ATP production is different between each cell line, we preformed different statistical graph of Figure 1E from Figure 1B -C to clearly display the ATP production of each cell line after expose to hypoxia, anoxia, lower pH and nutritional deficiency. Furthermore, there are some differences of cell cycle and physiological characteristics among cancer cells or between cancer cells and normal cells, the basic metabolites produced by each group of cells are different, even under normoxic cell culture condition. Therefore, as show in Figure 1B -1E, under normal oxygen conditions, the glucose uptake, LDH concentration, lactate and ATP production of each group cells were different between each other. Although several possible mechanisms have been proposed to explain this metabolic difference of tumor cells, the exact mechanisms are still not elucidated.
Hypoxic microenvironment in cancer is capable of activating HIF1α, which is continuously synthesized and degraded under non-hypoxic conditions due to rapid hydroxylation with prolyl hydroxylase domain (PHD) via ubiquitaytion [23] , thereby the level of HIF1α is normally low under normoxic condition. Recent studies showed that SENP1 expression was elevated in multiple carcinomas [24] [25] . Consistently, our study showed that the expression levels of HIF1α and SENP1 were remarkably increased in prostate carcinoma cell lines after cultured in hypoxia and anoxia condition. Based on these results, we speculated that there was an interaction between HIF1α and SENP1, which was further confirmed by Co-IP. To explore the functions of SENP1 in PC3 cells treated with extreme conditions, glycolysis mechanism was examined, and our results displayed that the glucose uptake and LDH releasing were remarkably up-regulated in PC3 cells under hypoxic and anoxic conditions, which indicates that SENP1 might regulate the tumor cell growth by enhancing tumor cell glycolysis. Furthermore, in vivo study also confirmed the influence of SENP1 on promoting the tumor progression.
Numerous evidence has demonstrated that SENP1 mediates a diverse array of cellular events by conjugating to the androgen receptor, HIF1α, c-jun and cyclin D1, etc [26] . In addition, SENP1 has been shown to play to the key role in improving the target protein stability by a SUMOylation machinery. Hence, it also suggests the interaction between SENP1 and HIF1α regulates the stability of HIF1α. Our data verified that HIF1α could be controlled by SENP1, and the deSUMOylation response was implicated in the regulatory mechanism of SENP1.
We also examined the changes of HIF1α signaling pathway-related proteins in PC3 cells with different treatments. Our results implied that SENP1 might take part in the pathogeneses of prostate cancer by activating HIF1α signaling pathway, which was consistent with another research [27] . Among the HIF1α signaling pathway-related proteins, we have verified that MCT4 directly combined with HIF1α. Thus, according to the results of our study, we proposed that the deSUMOylation response resulted from the interaction of SENP1 and HIF1α facilitated the stability of HIF1α which further activated HIF1α signaling pathway by regulating MCT4 protein and ultimately leaded to a "Warburg effect".
Taken together, our study firstly verified that SENP1 and HIF1α interacted with each other to regulate tumorgenesis through up-regulating glycolysis in prostatic carcinoma cells. In vivo experiments also showed that SENP1 overexpression could promote tumor cell growth. In addition, the regulatory role of SENP1 on HIF1α was mainly via a deSUMOylation mechanism and SENP1 might be the key molecule in a "Warburg effect". Hence, SENP1 might be considered as a new therapeutic target for cancer therapy.
